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(54) HIGH BANDWIDTH MEMORY SYSTEM WITH DYNAMICALLY PROGRAMMABLE 
DISTRIBUTION SCHEME

(57) A system comprises a processor coupled to a
plurality of memory units. Each of the plurality of memory
units includes a request processing unit and a plurality
of memory banks. The processor includes a plurality of
processing elements and a communication network com-
municatively connecting the plurality of processing ele-

ments to the plurality of memory units. At least a first
processing element of the plurality of processing ele-
ments includes a control logic unit and a matrix compute
engine. The control logic unit is configured to access data
from the plurality of memory units using a dynamically
programmable distribution scheme.
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Description

TECHNICAL FIELD

[0001] The present disclosure relates to a system and
method for solving artificial intelligence problems using
a neural network.

BACKGROUND OF THE INVENTION

[0002] A whole class of complex artificial intelligence
problems can be solved using neural networks. Since
these problems are often computationally and data in-
tensive, hardware solutions are often beneficial for im-
proving the performance of neural networks. Since the
solutions typically require processing large amounts of
data, the performance of memory-based operations is
critical. It is a technical challenge to create a hardware
platform for solving neural networks while achieving
memory access performance and efficiency require-
ments. Therefore, there exists a need for a hardware
platform with a memory access and layout scheme that
is able to effectively perform memory operations needed
for neural network processing.

SUMMARY

[0003] In accordance with embodiments of the present
invention, there is provided a system, comprising: a plu-
rality of memory units, wherein each of the plurality of
memory units includes a request processing unit and a
plurality of memory banks; and a processor coupled to
the plurality of memory units, wherein the processor in-
cludes a plurality of processing elements and a commu-
nication network communicatively connecting the plural-
ity of processing elements to the plurality of memory
units, and wherein at least a first processing element of
the plurality of processing elements includes a control
logic unit and a matrix compute engine, the control logic
unit is configured to access data from the plurality of
memory units using a dynamically programmable distri-
bution scheme.
[0004] In some embodiments, the request processing
unit of each of the plurality of memory units may be con-
figured to receive a broadcasted memory request.
[0005] In some embodiments, the broadcasted mem-
ory request may reference data stored in each of the
plurality of memory units.
[0006] In some embodiments, the request processing
unit of each of the plurality of memory units may be con-
figured to decompose the broadcasted memory request
into a corresponding plurality of partial requests.
[0007] In some embodiments, the request processing
unit of each of the plurality of memory units may be con-
figured to determine whether each of the corresponding
plurality of partial requests corresponds to data stored in
a corresponding one of the plurality of memory banks
associated with the corresponding request processing

unit.
[0008] In some embodiments, the request processing
unit of each of the plurality of memory units may be con-
figured to provide a partial response associated with a
different one of the corresponding plurality of partial re-
quests.
[0009] In some embodiments, the control logic unit of
the first processing element may be configured to receive
the partial responses and combine the partial responses
to generate a complete response to the broadcasted
memory request.
[0010] In some embodiments, each of the partial re-
sponses may include a corresponding sequence identi-
fier used to order the partial responses.
[0011] In some embodiments, the complete response
may be stored in a local memory of the first processing
element.
[0012] In some embodiments, the plurality of memory
units may include a north memory unit, an east memory
unit, a south memory unit, and a west memory unit.
[0013] In some embodiments, the dynamically pro-
grammable distribution scheme may utilize an identifier
associated with a workload of the first processing ele-
ment.
[0014] In some embodiments, two or more processing
elements of the plurality of processing elements may
share the identifier.
[0015] In some embodiments, a second processing el-
ement of the plurality of processing elements may be
configured with a different dynamically programmable
distribution scheme for accessing memory units than the
first processing element.
[0016] In some embodiments, the control logic unit of
the first processing element may be further configured
with an access unit size for distributing data across the
plurality of memory units.
[0017] In some embodiments, data elements of a ma-
chine learning weight matrix may be distributed across
the plurality of memory units using the dynamically pro-
grammable distribution scheme.
[0018] In accordance with embodiments of the present
invention, there is provided a method comprising: receiv-
ing a memory configuration setting associated with a
workload; creating a memory access request that in-
cludes a workload identifier; broadcasting the memory
access request to a plurality of memory units; receiving
a plurality of partial responses associated with the mem-
ory access request; and combining the plurality of partial
responses to create a complete response to the memory
access request.
[0019] In some embodiments, the method may further
comprise receiving an access unit size configuration set-
ting.
[0020] In some embodiments, the memory access re-
quest may have a memory request size that is a multiple
of the access unit size configuration setting.
[0021] In accordance with embodiments of the present
invention, there is provided a method comprising: receiv-
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ing a broadcasted memory request associated with a
processing element workload; decomposing the broad-
casted memory request into a plurality of partial requests;
determining for each of the plurality of partial requests
whether the partial request is to be served from an as-
sociated memory bank; discarding a first group of partial
requests that is not to be served from the associated
memory bank; for each partial request of a second group
of partial requests that is to be served from the associated
memory bank, retrieving data of the partial request; pre-
paring one or more partial responses using the retrieved
data; and providing the prepared one or more partial re-
sponses.
[0022] In some embodiments, preparing the one or
more partial responses using the retrieved data may in-
clude inserting a sequence identifier into each of the one
or more partial responses.
[0023] The details of one or more examples of the tech-
niques of this disclosure are set forth in the accompany-
ing drawings and the description below. Other features,
objects, and advantages of the techniques will be appar-
ent from the description and drawings, and from the
claims. It will be appreciated that any feature described
herein as being suitable for incorporation into one or more
aspects or embodiments of the present invention is in-
tended to be generalizable across any aspect or embod-
iment of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Various embodiments of the invention are dis-
closed in the following detailed description and the ac-
companying drawings.

Figure 1 is a block diagram illustrating an embodi-
ment of a system for solving artificial intelligence
problems using a neural network.

Figure 2 is a block diagram illustrating an embodi-
ment of a system for solving artificial intelligence
problems using a neural network.

Figure 3 is a block diagram illustrating an embodi-
ment of a processing element for solving artificial
intelligence problems using a neural network.

Figure 4 is a flow chart illustrating an embodiment
of a process for performing memory access.

Figure 5 is a flow chart illustrating an embodiment
of a process for responding to memory data re-
quests.

Figure 6 is a flow chart illustrating an embodiment
of a process for performing memory access.

DETAILED DESCRIPTION

[0025] The invention can be implemented in numerous
ways, including as a process; an apparatus; a system; a
composition of matter; a computer program product em-
bodied on a computer readable storage medium; and/or
a processor, such as a processor configured to execute
instructions stored on and/or provided by a memory cou-
pled to the processor. In this specification, these imple-
mentations, or any other form that the invention may take,
may be referred to as techniques. In general, the order
of the steps of disclosed processes may be altered within
the scope of the invention. Unless stated otherwise, a
component such as a processor or a memory described
as being configured to perform a task may be implement-
ed as a general component that is temporarily configured
to perform the task at a given time or a specific component
that is manufactured to perform the task. As used herein,
the term ’processor’ refers to one or more devices, cir-
cuits, and/or processing cores configured to process da-
ta, such as computer program instructions.
[0026] A detailed description of one or more embodi-
ments of the invention is provided below along with ac-
companying figures that illustrate the principles of the
invention. The invention is described in connection with
such embodiments, but the invention is not limited to any
embodiment. The scope of the invention is limited only
by the claims and the invention encompasses numerous
alternatives, modifications and equivalents. Numerous
specific details are set forth in the following description
in order to provide a thorough understanding of the in-
vention. These details are provided for the purpose of
example and the invention may be practiced according
to the claims without some or all of these specific details.
For the purpose of clarity, technical material that is known
in the technical fields related to the invention has not
been described in detail so that the invention is not un-
necessarily obscured.
[0027] A high bandwidth memory system is disclosed.
The memory units of a processor system are arranged
surrounding a processing component. In some embodi-
ments, the processing component is arranged in a central
location relative to the multiple memory units, which may
include separate north, east, south, and west memory
units. The processing component can be a processor
with multiple processing elements, where each process-
ing element includes its own control logic and matrix com-
pute engine. Processing elements of the processor can
work together in parallel by applying a neural network to
solve complex artificial intelligence problems. The
processing elements are part of the disclosed high band-
width memory system for efficiently transferring data be-
tween memory and the processing component. Each
processing element of the processing component can be
configured with a distribution scheme to scatter data
across the available memory units. The distribution
scheme is dynamically programmable such that different
processing elements can apply the same or different dis-
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tribution schemes. For example, in various embodi-
ments, each processing element can be programmed
using a processor instruction to dynamically configure
the distribution scheme for that processing element. In
various embodiments, processing elements sharing the
same workload can be programmatically configured to
utilize the same distribution scheme and processing el-
ements with different workloads can be programmatically
configured to utilize different distribution schemes. Dif-
ferent distribution schemes help to prevent multiple
processing elements from working in lockstep with one
another. By varying the distribution schemes, the mem-
ory units are more efficiently utilized and memory per-
formance is increased. For example, full or close to full
bandwidth utilization can be achieved with memory
units/banks and memory ports being more equally uti-
lized. Moreover, the disclosed invention significantly im-
proves power savings and reduces latency when access-
ing memory. In some embodiments, the size of the mem-
ory unit access units is also configurable. For example,
the size of the memory unit access units can be program-
matically configured via a processor instruction. Each
processing element can read and/or write data to each
memory unit using a configurable access unit-sized
group. Moreover, memory access operations can span
multiple access units and reference data distributed
across multiple memory units. In various embodiments,
each memory access request is broadcasted to all mem-
ory units and each memory unit returns partial responses
that are combined to fulfill the broadcasted request.
[0028] In some embodiments, a processor system
comprises a plurality of memory units and a processor
coupled to the plurality of memory units. For example, a
processor system includes a processor communicatively
connected to multiple memory units. In some embodi-
ments, the memory units are arranged on all sides of the
processor to help minimize latency from the processor
to each memory unit. Each of the plurality of memory
units includes a request processing unit and a plurality
of memory banks. For example, a request processing
unit receives memory access requests, such as read
and/or write requests, and determines whether and how
to processes the requests. The request processing unit
can determine whether a portion of the memory access
request can be served by the memory unit and its corre-
sponding memory banks. For example, the request
processing unit can decompose a memory access re-
quest into partial requests and determine what subset of
the partial requests may be served from the correspond-
ing memory banks of the memory unit. In various em-
bodiments, each memory unit can include multiple mem-
ory banks to increase the memory size of a memory unit.
For example, a memory unit can include 4, 8, 16, 32, or
another appropriate number of memory banks. In some
embodiments, the processor includes a plurality of
processing elements. For example, the processor is a
processing component that includes a group of process-
ing elements. The processing elements may be arranged

in a matrix, such as an 8x8 array or grid of processing
elements. The processor also includes a communication
network communicatively connecting the plurality of
processing elements to the plurality of memory units. For
example, a communication network such as a network-
on-chip subsystem and/or network interfaces/buses
communicatively connect each processing element to
each memory unit. In some embodiments, each process-
ing element of the plurality of processing elements in-
cludes a control logic unit and a matrix compute engine.
For example, a first processing element of the plurality
of processing elements includes a control logic for con-
trolling the first processing element and a matrix compute
engine for computing matrix operations. The control logic
is configured to access data from the plurality of memory
units using a dynamically programmable distribution
scheme. For example, the control logic is configured us-
ing a processor instruction to utilize a specific distribution
scheme or pattern. The scheme may be based on the
processing element workload or another appropriate
configuration. The distribution scheme determines the
mapping of memory addresses specific to the processing
element to memory locations of the memory units.
[0029] Figure 1 is a block diagram illustrating an em-
bodiment of a system for solving artificial intelligence
problems using a neural network. In the example shown,
the system 100 is a hardware platform that includes
processing component 101 and memory units 111, 121,
131, and 141. Memory units 111, 121, 131, and 141 each
include one of request processing units 113, 123, 133,
and 143, respectively. Processing component 101 is
communicatively connected to memory units 111, 121,
131, and 141. Processing component 101 is connected
to and can communicate with each of memory unit 111,
121, 131, and 141 simultaneously. The memory units
111, 121, 131, and 141 are positioned around processing
component 101 but other layouts are appropriate. By po-
sitioning memory units 111, 121, 131, and 141 around
processing component 101, memory units 111, 121, 131,
and 141 can be accessed simultaneously by processing
component 101 and/or multiple connections may be used
by processing component 101 to communicate with dif-
ferent memory units 111, 121, 131, and 141 in parallel.
In the example shown, system 100 includes four memory
units that surround a processing component but fewer or
more memory units may be utilized as appropriate.
[0030] In some embodiments, processing component
101 is a processor that includes one or more processing
elements (not shown). Each processing element may in-
clude at least a matrix compute engine for performing
matrix operations. The processing elements may be fur-
ther communicatively connected using a communication
network and/or bus such as a network-on-chip subsys-
tem. Data for performing neural network operations may
be retrieved from and written to memory units such as
memory units 111, 121, 131, and 141 located around
processing component 101. For example, using a net-
work-on-chip subsystem, memory access operations
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can be directed to memory, including memory units 111,
121, 131, and 141, from a processing element of process-
ing component 101. In some embodiments, each
processing element can be assigned a particular work-
load and each workload may be associated with a par-
ticular set of data stored in memory. For example, the
set of data for a workload may include activation and/or
filter matrix data. In various embodiments, the data is
associated with large neural network matrices and may
include hundreds or more matrix elements. The relevant
data may be stored across different regions of memory
units 111, 121, 131, and 141. In some embodiments, the
data is stored in access unit-sized groups distributed
across memory units 111, 121, 131, and 141 based on
a dynamically programmable distribution scheme.
[0031] In some embodiments, the data may be ac-
cessed by workload or another appropriate identifier. For
example, a workload identifier may be used to determine
how to distribute and retrieve data across the different
available memory units. In various embodiments, differ-
ent workloads are programmed to distribute their corre-
sponding workload data across available memory units
using different distribution schemes. For example, each
workload can be dynamically programmed to use a dif-
ferent distribution scheme. In various embodiments, a
distribution scheme uses a configurable ordered pattern
for accessing memory units. Instead of using a prede-
fined distribution for all workloads, a processing element
can be dynamically programmed to distribute data differ-
ently from other processing elements. This allows for bet-
ter utilization and efficiency of the memory units. In var-
ious embodiments, the data associated with a memory
access operation may reside in one or more different
memory units. For example, a memory read request may
be served by data located in memory units 111, 121, and
131. A different memory request may be served by data
in memory units 121, 131, and 141. In some embodi-
ments, a hash function, such as a programmable hash
function, is used to determine the memory layout scheme
or access order pattern for a particular workload or iden-
tifier. For example, a memory read request for one
processing element may access memory units using a
repeating ordered pattern starting with memory unit 111
followed by memory unit 121, memory unit 131, and
memory unit 141. A memory read request for a different
processing element may use a different programmable
repeating ordered pattern starting with memory unit 141
followed by memory unit 121, memory unit 131, and
memory unit 111. Since data is distributed across differ-
ent memory units, a memory request can trigger one or
more partial responses from different memory units that
each respond to a portion of the memory request. Once
all partial responses have been received by a processing
element, the memory request is complete.
[0032] In some embodiments, memory units 111, 121,
131, and 141 each include one of request processing
units 113, 123, 133, and 143, respectively, to process
memory access operations. A memory access operation,

such as a write or read memory access operation, can
be split into multiple partial access requests. In some
embodiments, the memory access operation is decom-
posed or unrolled into one or more partial access re-
quests by one or more request processing units such as
request processing units 113, 123, 133, and/or 143.
Based on the memory range requested, a request
processing unit determines whether its associated mem-
ory unit contains the requested data. For example, in
some embodiments, a memory request is broadcasted
to all memory units and is processed by the correspond-
ing request processing unit of each memory unit. Each
request processing unit analyzes the request and differ-
ent request processing units respond to different portions
of the memory request. For example, a request process-
ing unit responds only to requests for data or memory
addresses associated with its memory unit. Request
processing unit 113 responds to requests associated with
memory unit 111, request processing unit 123 responds
to requests associated with memory unit 121, request
processing unit 133 responds to requests associated with
memory unit 131, and request processing unit 143 re-
sponds to requests associated with memory unit 141. In
the event a memory access request can be served by a
particular memory unit, the associated request process-
ing unit can retrieve the relevant data from (or write the
relevant data to) the associated memory unit. Memory
access requests that cannot be served by the particular
memory unit can be ignored and will be handled by the
corresponding appropriate memory unit. In some embod-
iments, each memory unit contains multiple memory
banks and the request processing unit can direct the par-
tial memory access request to the appropriate memory
bank of the memory unit.
[0033] In some embodiments, the size of a data access
unit used by each memory unit is programmable. For
example, memory units can be programmed to use a 128
byte or another appropriately sized access unit such that
every new group of 128 bytes (or another appropriate
access unit size) is stored on a different memory unit
based on the programmable distribution scheme. This
allows the data to be written across different memory
units using programmable sized access units. For exam-
ple, the first access unit of data is written to a first memory
unit, the second access unit of data is written to a second
memory unit, and so forth, as determined by the ordering
of the distribution scheme. Once all memory units have
been utilized, the next memory unit cycles back to the
first memory unit. In various embodiments, the order of
the memory units can also be programmable and may
be determined using a hashing function. For example,
each workload may utilize a different distribution order
for accessing memory units based on the outcome of the
hashing function.
[0034] Figure 2 is a block diagram illustrating an em-
bodiment of a system for solving artificial intelligence
problems using a neural network. In the example shown,
the system 200 is a partial depiction of a hardware plat-
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form that includes processing component 201 and mem-
ory unit 211. Additional memory units may be included
but are not displayed. Similarly, additional components
may be included in the hardware system but are not dis-
played. In some embodiments, processing component
201 is processing component 101 of Figure 1 and mem-
ory unit 211 is memory unit 111, 121, 131, or 141 of Figure
1. In various embodiments, the functionality described
with respect to processing component 201 and memory
unit 211 applies to other memory units connected to
processing component 201 that are not shown in Figure
2.
[0035] In some embodiments, processing component
201 is a processor that includes multiple processing el-
ements such as processing elements 251, 253, 255, and
257. Additional processing elements are illustrated with
dotted lines to reflect the inclusion of additional process-
ing elements that function in a similar manner as process-
ing elements 251, 253, 255, and 257. In the diagram of
Figure 2, only a portion of processing component 201 is
shown. Processing component 201 includes network-on-
chip subsystem 203 with network interfaces 205, 207 and
209. Network-on-chip subsystem 203 is a communica-
tion network and/or communication bus that communi-
catively connects the processing elements, including
processing elements 251, 253, 255, and 257, and net-
work interfaces, such as network interfaces 205, 207 and
209, to one another. Network-on-chip subsystem 203 can
be used for processing elements to communicate with
one another and/or to communicate with memory units
such as memory unit 211. Network interface 205 con-
nects processing component 201 to memory unit 211 on
the north side of processing component 201. For exam-
ple, processing element 251 of processing component
201 can interface with memory unit 211 via network-on-
chip subsystem 203 and network interface 205 to read
and/or write data from memory. In various embodiments,
network interface 207 is used to connect processing com-
ponent 201 to a memory unit (not shown) on the west
side of processing component 201 and network interface
209 is used to connect processing component 201 to a
memory unit (not shown) on the east side of processing
component 201. An additional network interface (not
shown) may be included to connect processing compo-
nent 201 to a memory unit placed on the south side of
processing component 201. The example of Figure 2 fo-
cuses on the interface between processing component
201 and a single memory unit, memory unit 211, but the
techniques disclosed are applicable to other memory
units (not shown) as well.
[0036] In some embodiments, memory unit 211 in-
cludes request processing unit 213 and multiple memory
banks such as memory banks 221, 223, 225, and 227.
Request processing unit 213 receives memory access
requests from processing elements of processing com-
ponent 201. The memory access requests may be read
and/or write requests. Request processing unit 213 de-
composes the memory access request to determine

whether it can be served, potentially partially, by one of
the memory banks of memory unit 211. Although four
memory banks are shown in Figure 2, in various embod-
iments, memory unit 211 can include fewer or many more
memory banks such as 8, 16, 32, 64, or another appro-
priate number of memory banks. In some embodiments,
request processing unit 213 directs memory access re-
quests to the appropriate memory bank(s) of memory
unit 211. For example, based on the memory address of
the request, request processing unit 213 determines the
appropriate memory bank(s) to access. In some embod-
iments, two or more memory banks of memory unit 211
may be accessed for a single memory access request.
The memory units and banks may be determined based
on a hashing function. For example, the hashing function
may utilize a workload identifier of a processing element
requesting access to the address range. In some em-
bodiments, the hashing function inspects a set of bits,
such as two or more bits, of a memory address associ-
ated with the memory access request to map an address
range to a memory unit.
[0037] In some embodiments, the memory read/write
size, such as the size of a memory access unit, can be
programmable. For example, memory reads can be pro-
grammed to be 64 bytes, 128 bytes, or another appro-
priate access unit size. Request processing unit 213 can
determine the appropriate bytes to read and/or write by
analyzing each incoming memory access request. In the
event a request can be served by the memory unit, such
as memory unit 211, a memory request response will be
returned to processing component 201 and the appro-
priate requesting processing element(s). In some em-
bodiments, request processing unit 213 prepares a re-
sponse. For example, a response prepared may include
data read from a memory bank. The response may be a
partial response that fulfills only a portion of the original
memory access request. Additional partial responses
may be fulfilled by other memory units (not shown) re-
sponsible for managing the corresponding memory ad-
dress ranges. For example, a large memory read request
broadcasted to all memory units may be fulfilled by mul-
tiple partial responses supplied by multiple memory units.
In some embodiments, each partial response includes
an identifier such as a sequence identifier that may be
used to order the partial responses. For example, partial
responses may not be received in order and an identifier
is used to sort the partial responses and build a complete
response from multiple partial responses.
[0038] Figure 3 is a block diagram illustrating an em-
bodiment of a processing element for solving artificial
intelligence problems using a neural network. In the ex-
ample shown, processing element 300 includes control
logic 301, memory management unit 303, local store
memory 305, network interface 307, and matrix compute
engine 309. In various embodiments, one or more
processing elements can work together on the same data
set or workload to solve an artificial intelligence program
using a large working data set. In some embodiments,
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processing element 300 is a processing element of
processing component 101 of Figure 1 and/or processing
component 201 of Figure 2. In some embodiments,
processing element 300 is processing element 251, 253,
255, and/or 257 or another processing element of Figure
2.
[0039] In some embodiments, local store memory 305
is a memory scratchpad for storing data such as data
related to neural network operations. Local store memory
305 may be used for storing data retrieved via partial
responses to memory access requests. Partial respons-
es and the associated data may be gathered and stored
in local store memory 305 to build a complete response.
In some embodiments, local store memory 305 is made
up of registers for fast read and write access. In various
embodiments, one or more components of processing
element 300, such as matrix compute engine 309, can
access local store memory 305. For example, matrix in-
put data operands and/or output data results can be
stored in local store memory 305.
[0040] In some embodiments, control logic 301 is a
control logic unit for directing the functionality of process-
ing element 300 and may be used to interface with the
components of processing element 300 such as memory
management unit 303, local store memory 305, network
interface 307, and matrix compute engine 309. In some
embodiments, control logic 301 may respond to proces-
sor instructions used to apply a neural network to an ar-
tificial intelligence problem. For example, control logic
301 can be used to initiate reading and/or writing of data
from memory via network interface 307 in response to a
processing instruction. In some embodiments, control
logic 301 is used to load and prepare operating argu-
ments for matrix compute engine 309. For example, con-
trol logic 301 can prepare matrix operands for computing
a convolution operation. In some embodiments, control
logic 301 is used to help process partial responses to a
memory data request.
[0041] In some embodiments, memory management
unit 303 is used to manage memory related functionality
of processing element 300. For example, memory man-
agement unit 303 may be used to program the access
unit size used for reading data from and/or writing data
to memory units such as memory units 111, 121, 131,
and/or 141 of Figure 1. In some embodiments, a large
memory read is divided into access unit size groups and
one of the available memory units is responsible for serv-
icing each memory group. Distributing the data across
memory units in access unit-sized groups allows memory
to be accessed much more efficiently and significantly
improves memory utilization. In some embodiments,
memory management unit 303 is used to configure a
hashing mechanism for distributing the data across dif-
ferent memory units. For example, memory management
unit 303 can manage configurations associated with a
programmable hashing mechanism. In some embodi-
ments, memory management unit 303 is part of control
logic 301. Instead of using a fixed distribution pattern for

all memory access operations, the programmable hash-
ing mechanism allows the distribution pattern to be con-
figurable. For example, different processing element
workloads can use different distribution patterns. As one
example, one workload can be configured to write to
memory units using a north, east, south, west pattern
while another workload can be configured to write to the
memory units using a south, north, east, west pattern. In
various embodiments, the distribution scheme is dynam-
ic and can be dynamically programmed via control logic
301 and memory management unit 303. Memory man-
agement unit 303 is used to help map local memory ad-
dresses to different memory access unit-sized groups
found in different memory units.
[0042] In some embodiments, network interface 307
is used to interface with a network subsystem such as a
network-on-chip system for network communication. In
some embodiments, the network subsystem that network
interface 307 communicates with is network-on-chip sub-
system 203 of Figure 2. Memory access requests from
and to processing element 300 such as read and write
requests are transmitted via network interface 307.
[0043] In some embodiments, matrix compute engine
309 is a hardware matrix processor unit for performing
matrix operations including operations related to convo-
lution operations. For example, matrix compute engine
309 may be a dot product engine for performing dot prod-
uct operations. In some embodiments, the convolution
operations supported include depthwise, groupwise, nor-
mal, regular, pointwise, and/or three-dimensional convo-
lutions, among others. For example, matrix compute en-
gine 309 may receive a first input matrix such as a subset
of a large image represented as a three-dimensional ma-
trix. The first input matrix may have the dimensions height
x width x channel (HWC), channel x height x width
(CHW), or another appropriate layout format. Matrix com-
pute engine 309 may also receive a second input matrix
such as a filter, kernel, or weights, etc. to apply to the
first input matrix. Matrix compute engine 309 can be used
to perform a convolution operation using the two input
matrices to determine a resulting output matrix. In some
embodiments, matrix compute engine 309 may include
input and/or output buffers for loading input data matrices
and writing out a result data matrix. The data used by
matrix compute engine 309 may be read from and/or writ-
ten to local store memory 305 and/or external memory
such as memory units 111, 121, 131, and/or 141 of Figure
1.
[0044] Figure 4 is a flow chart illustrating an embodi-
ment of a process for performing memory access. For
example, an artificial intelligence problem is solved by
applying a neural network using data associated with the
problem and the neural network. The data is read from
and written to memory such as memory units 111, 121,
131, and/or 141 of Figure 1 by a processing element such
as processing elements 251, 253, 255, and 257 of Figure
2. In some embodiments, the process of Figure 4 is per-
formed by one or more processing elements of process-
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ing component 101 of Figure 1 and/or processing com-
ponent 201 of Figure 2. In some embodiments, the proc-
ess of Figure 4 is performed by processing element 300
of Figure 3. Using the process of Figure 4, data elements
stored in memory can be distributed across multiple
memory units to improve the utilization of memory and
the efficiency of memory access operations.
[0045] At 401, memory management is initiated. For
example, a particular memory access distribution
scheme is configured at 401. The configuration may be
initiated using a processor instruction such as an instruc-
tion directed to a particular processing element. The dis-
tribution scheme may be associated with a particular
workload such as a particular artificial intelligence prob-
lem and neural network. In some embodiments, the ini-
tialization includes setting a workload identifier. For ex-
ample, a workload identifier can be used to configure
how data is distributed across multiple memory units. The
workload identifier may be a parameter to a processor
memory management instruction. Each workload can
use a different distribution scheme to improve the utili-
zation and efficiency of memory. Processing elements
working on the same dataset or workload can utilize the
same workload identifier to share data. By scattering data
across memory units using different distribution patterns,
such as different distribution patterns for each workload,
the data stored in memory is more efficiently distributed
across all available memory. In some embodiments, the
memory initialization includes configuring the memory
access unit size. For example, a memory access unit,
such as 128 bytes, 256 bytes, etc., can be configured
such that data is written to each memory unit in access
unit-sized groups. Larger or smaller access units can be
used as appropriate. Data within an access unit group is
stored in the same memory unit. In some embodiments,
the access unit size is configurable using a programma-
ble instruction to a processor or processing element.
[0046] In some embodiments, initialization of the mem-
ory management includes configuring or programming a
hashing mechanism for distributing data across memory
units. For example, a hashing mechanism can utilize a
seed to configure the distribution scheme. In some em-
bodiments, the seed is based on specifying a group of
bits from a memory address to determine which memory
unit is assigned to a particular access unit of data. For
example, the hashing mechanism may specify two bits
of the memory address, such as two upper bits, and per-
form a bitwise operation on the specified bits to map an
access unit to a memory unit. In some embodiments, the
bitwise operation utilizes an XOR operation. In some em-
bodiments, the hashing mechanism can be programmat-
ically configured. For example, a processing element can
be configured to utilize a specified hashing function
and/or be configured to utilize certain parameters for the
hashing function.
[0047] At 403, a memory data request is broadcasted
to memory units. For example, a request for data from
memory is broadcasted to all memory units connected

to the processing element of a processing component.
In some embodiments, the request is transmitted via a
network subsystem such as a network-on-chip subsys-
tem 203 and corresponding network interfaces 205, 207,
and/or 209 of Figure 2. In some embodiments, four mem-
ory units, such as a north, east, south, and west memory
unit, surround a processing component such as process-
ing component 101 of Figure 1. In the example, all four
memory units, such as memory units 111, 121, 131, and
141, receive the broadcasted memory data request. In
some embodiments, the data request is for a large
amount of data and includes data spanning multiple ac-
cess units. The request can be constructed to reference
a base memory address and a size argument to deter-
mine how much data is requested starting at the base
memory address. Other memory referencing schemes
may be appropriate as well. In some embodiments, the
broadcasted memory request also includes mapping in-
formation corresponding to the distribution scheme. For
example, receiving memory units can use the mapping
information to determine the hashing mechanism and/or
hashing mechanism parameter(s) programmatically
configured at 401. As another example, the mapping in-
formation may also include the programmatically config-
ured access unit size. In various embodiments, the mem-
ory data request may be provided to memory units for
reading data or writing data.
[0048] At 405, partial memory data responses are re-
ceived from memory units. For example, two or more
partial memory data responses are received from two or
more different memory units. The partial responses are
responses to the memory data request broadcasted at
403. Since the memory request spans multiple access
units, multiple memory units can respond, each providing
a partial response corresponding to different access
units, to complete the entire request. Each memory unit
creates one or more partial responses associated with
the one or more access units it is responsible for. For
example, data associated with a memory request can be
spread across three memory units. Each of the three
memory units responds with a partial memory data re-
sponse. At 405, the partial memory responses are re-
ceived. In some embodiments, each response includes
an identifier such as a sequence identifier for organizing
the partial responses into a complete response.
[0049] At 407, memory data request processing is
completed. For example, the partial responses are or-
dered into a complete response that includes all of the
requested data. In various embodiments, the processing
is complete only after all partial responses have been
received. For example, sequence identifiers included in
partial responses may be used to determine that process-
ing is complete. Data associated with each partial re-
sponse may be stored in local memory of the processing
element such as local store memory 305 of Figure 3. In
some embodiments, the completed response may be uti-
lized by more than one processing element. For example,
processing elements accessing the same data may
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share in the utilizing of the completed memory data re-
sponse.
[0050] Figure 5 is a flow chart illustrating an embodi-
ment of a process for responding to memory data re-
quests. For example, a request processing unit of a mem-
ory unit utilizes the process of Figure 5 to respond to a
broadcasted memory data request. The request process-
ing unit decomposes the memory request and deter-
mines which access units the memory unit is responsible
for and then prepares and sends one or more partial re-
sponses for the access units managed by the memory
unit. In some embodiments, the process of Figure 5 is
performed by request processing units 113, 123, 133,
and/or 143 of Figure 1 and/or request processing unit
213 of Figure 2. In some embodiments, the process of
Figure 5 is performed in response to a memory data re-
quest broadcasted at 403 of Figure 4. In some embodi-
ments, the response prepared using the process of Fig-
ure 5 is received by a processing element at 405 of Figure
4.
[0051] At 501, a memory data request is received. For
example, a memory data request spanning multiple ac-
cess units is received. Some of the access units are as-
sociated with the memory unit and others may be asso-
ciated with a different memory unit. In various embodi-
ments, multiple memory units may receive the same
memory data request as a broadcasted memory data
request. In some embodiments, the memory data request
includes a base address and a size parameter to deter-
mine the address range requested. The memory data
request may also include mapping information to deter-
mine the hashing mechanism and/or hashing mecha-
nism parameter(s) used for the particular memory distri-
bution scheme of the memory access request. In some
embodiments, memory data request mapping informa-
tion includes the access unit size.
[0052] At 503, the memory data request is decom-
posed into partial requests. For example, a request span-
ning multiple access units is split into partial requests. In
some embodiments, the decomposing is performed by
unrolling the memory data request into partial requests
based on a configured access unit size. For example, a
memory data request spanning three access units is de-
composed into three partial requests, one for each ac-
cess unit. As another example, in some embodiments,
each memory unit is responsible for multiple access
units. For example, in a scenario with a memory data
request spanning 32 memory access units that are even-
ly distributed across four memory units, each memory
unit is responsible for eight partial requests. Each partial
request corresponds to a memory access unit of data
managed by the memory unit.
[0053] At 505, data for associated partial requests is
accessed. For example, data of access units that match
a partial request are retrieved from (or written to) memory
banks of the memory unit. In some embodiments, a mem-
ory unit may have multiple memory banks and the data
of the corresponding partial requests is stored in one or

more memory banks of the memory unit. In some em-
bodiments, the data accessed is in response to a partial
request decomposed from a larger request spanning
multiple access units. In the case of a memory access
read operation, the corresponding data is read from
memory banks of the memory unit in the event the partial
request matches to the memory unit. Similarly, in the case
of a memory access write operation, the corresponding
data is written to memory banks of the memory unit in
the event the partial request matches to the memory unit.
[0054] In some embodiments, a partial request is
mapped with a corresponding memory unit based on a
programmable distribution scheme. For example, differ-
ent workloads can distribute data to memory units using
different distribution schemes configured using a hashing
mechanism. In various embodiments, at 505, the hashing
mechanism for the configured distribution scheme is
used to determine whether the memory unit receiving the
memory data request is responsible for the partial re-
quest. In the event the memory unit manages that par-
ticular address range of the partial request, the corre-
sponding data is retrieved (or written). Otherwise, the
partial request is ignored and will be handled by the cor-
rect memory unit responsible for that address range.
[0055] At 507, partial memory data responses are pre-
pared and sent. For example, data read from memory
units is packaged into responses associated with partial
requests. In some embodiments, the response prepared
corresponding to a read operation is a partial memory
data response since it includes only a portion of the re-
quested data. In various embodiments, each partial re-
sponse includes an identifier such as a sequence iden-
tifier for ordering the partial responses into a complete
response. The identifier of each partial memory data re-
sponse can be utilized by a processing element to order
a set of partial responses that are received out of order.
The response is transmitted to a processing component
for one or more processing elements to receive. In some
embodiments, the response is an acknowledgement that
a request corresponding to the write operation is com-
plete.
[0056] Figure 6 is a flow chart illustrating an embodi-
ment of a process for performing memory access. For
example, a processing element utilizes the process of
Figure 6 to gather data corresponding to a memory data
request for a read operation. In some embodiments, a
processing element, such as one of processing elements
251, 253, 255, or 257 of Figure 2, receives partial memory
data responses from multiple memory units such as
memory units 111, 121, 131, and/or 141 of Figure 1. In
some embodiments, the process of Figure 6 is performed
in response to a memory data request broadcasted at
403 of Figure 4 and/or in response to partial memory data
responses sent using the process of Figure 5. In some
embodiments, the process of Figure 6 is performed at
405 and/or 407 of Figure 4 to gather partial responses
from a variety of memory units.
[0057] At 601, a data memory partial response is re-
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ceived. For example, a partial response to a data memory
request sent from a memory unit is received. In various
embodiments, the response includes data that is one or
more access units in size from the same memory unit.
In some embodiments, the response includes identifier
information such as a sequence identifier that can be
used to order the partial response received relative to
other partial responses.
[0058] At 603, the data memory partial response is
identified. For example, using an identifier included in the
received partial response, the data memory partial re-
sponse is identified relative to the original data memory
request. For example, a request may be decomposed or
unrolled into five partial requests. The partial response
is identified at 603 to determine which of the five partial
responses it corresponds to. In some embodiments, the
identification is performed by inspecting an identifier such
as a sequence identifier. The identification result can be
used to determine the ordering of the partial response
relative to other partial responses and to reconstruct a
complete response from the set of received partial re-
sponses.
[0059] At 605, a data memory partial response is
stored in local memory. For example, data read from
memory is extracted from the data payload of a partial
response and stored in local memory. In some embodi-
ments, a temporary buffer sized for the requested data
is allocated from local memory to construct a complete
response from partial responses. Since partial responses
may be received out of order relative to their correspond-
ing memory addresses, the data from the partial re-
sponse is stored in the allocated buffer at a corresponding
location based on the relationship of the partial response
to the original requested data. For example, a buffer sized
for five partial responses is allocated and the data from
the received partial response is written to a correspond-
ing address location in the buffer regardless of when the
partial response is received. In some embodiments, each
partial response is an access unit-sized response or a
multiple of an access unit. In various embodiments, the
local memory is local memory store 305 of Figure 3. Using
the temporary buffer, a completed data memory re-
sponse can be reconstructed from partial responses.
[0060] At 607, a determination is made whether the
response is complete. For example, a response is com-
plete once all partial responses that are required to con-
struct a completed response are received. In the event
the response is complete, processing proceeds to 609.
In the event the response is not complete, processing
loops back to 601 to receive an additional partial re-
sponse.
[0061] At 609, memory data request processing is
completed. For example, the data corresponding to a
complete response is made available for additional com-
putation such as matrix computation. In some embodi-
ments, the data associated with the completed response
is located in local memory such as a local memory store
of the processing element. The completed response may

be used as input to a matrix compute engine of the
processing element. In some embodiments, the complet-
ed response corresponds to data describing a neural net-
work or activation data associated with an artificial intel-
ligence problem.
[0062] Although the foregoing embodiments have
been described in some detail for purposes of clarity of
understanding, the invention is not limited to the details
provided. There are many alternative ways of implement-
ing the invention. The disclosed embodiments are illus-
trative and not restrictive.

Claims

1. A system, comprising:

a plurality of memory units, wherein each of the
plurality of memory units includes a request
processing unit and a plurality of memory banks;
and
a processor coupled to the plurality of memory
units, wherein the processor includes a plurality
of processing elements and a communication
network communicatively connecting the plural-
ity of processing elements to the plurality of
memory units, and wherein at least a first
processing element of the plurality of processing
elements includes a control logic unit and a ma-
trix compute engine, the control logic unit is con-
figured to access data from the plurality of mem-
ory units using a dynamically programmable dis-
tribution scheme.

2. The system of claim 1, wherein the request process-
ing unit of each of the plurality of memory units is
configured to receive a broadcasted memory re-
quest
; and optionally wherein the broadcasted memory
request references data stored in each of the plurality
of memory units.

3. The system of claim 2, wherein the request process-
ing unit of each of the plurality of memory units is
configured to decompose the broadcasted memory
request into a corresponding plurality of partial re-
quests.

4. The system of claim 3, wherein the request process-
ing unit of each of the plurality of memory units is
configured to determine whether each of the corre-
sponding plurality of partial requests corresponds to
data stored in a corresponding one of the plurality of
memory banks associated with the corresponding
request processing unit.

5. The system of claim 3 or 4, wherein the request
processing unit of each of the plurality of memory
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units is configured to provide a partial response as-
sociated with a different one of the corresponding
plurality of partial requests.

6. The system of claim 5, wherein the control logic unit
of the first processing element is configured to re-
ceive the partial responses and combine the partial
responses to generate a complete response to the
broadcasted memory request.

7. The system of claim 6, wherein each of the partial
responses includes a corresponding sequence iden-
tifier used to order the partial responses
; optionally wherein the complete response is stored
in a local memory of the first processing element.

8. The system of any one of claims 1 to 7, wherein the
plurality of memory units includes a north memory
unit, an east memory unit, a south memory unit, and
a west memory unit.

9. The system of any one of claims 1 to 8, wherein the
dynamically programmable distribution scheme uti-
lizes an identifier associated with a workload of the
first processing element
; optionally wherein two or more processing ele-
ments of the plurality of processing elements share
the identifier.

10. The system of any one of claims 1 to 9, wherein a
second processing element of the plurality of
processing elements is configured with a different
dynamically programmable distribution scheme for
accessing memory units than the first processing el-
ement.

11. The system of any one of claims 1 to 10, wherein
the control logic unit of the first processing element
is further configured with an access unit size for dis-
tributing data across the plurality of memory units
; and/or optionally wherein data elements of a ma-
chine learning weight matrix are distributed across
the plurality of memory units using the dynamically
programmable distribution scheme.

12. A method comprising:

receiving a memory configuration setting asso-
ciated with a workload;
creating a memory access request that includes
a workload identifier;
broadcasting the memory access request to a
plurality of memory units;
receiving a plurality of partial responses associ-
ated with the memory access request; and
combining the plurality of partial responses to
create a complete response to the memory ac-
cess request.

13. The method of claim 12, further comprising receiving
an access unit size configuration setting.
; optionally wherein the memory access request has
a memory request size that is a multiple of the access
unit size configuration setting.

14. A method comprising:

receiving a broadcasted memory request asso-
ciated with a processing element workload;
decomposing the broadcasted memory request
into a plurality of partial requests;
determining for each of the plurality of partial
requests whether the partial request is to be
served from an associated memory bank;
discarding a first group of partial requests that
is not to be served from the associated memory
bank;
for each partial request of a second group of
partial requests that is to be served from the as-
sociated memory bank, retrieving data of the
partial request;
preparing one or more partial responses using
the retrieved data; and
providing the prepared one or more partial re-
sponses.

15. The method of claim 14, wherein preparing the one
or more partial responses using the retrieved data
includes inserting a sequence identifier into each of
the one or more partial responses.
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